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The primary objective of the experiments described in of the entity and accounts at least in part for the increased this report was to test the hypothesis that cells of ventilatormicrovascular permeability of ventilator-injured lungs (1) (2) (3) (4) (5) .
injured lungs are subject to plasma membrane stress failure. Plasma membrane blebs and cytoskeletal disruptions occur in
To this end, we compared a PI uptake-based index of cell association with intercellular and intracellular gaps exposing wounding with conventional injury markers such as weight basement membrane. Whereas electron microscopy defines gain, change in lung compliance, change in pulmonary vascucellular ultrastructure in intricate detail, the technique is limlar resistance, and light microscopy. Our secondary objective ited by finite sampling and is therefore not well suited for was to assess the potential for cell resealing under conditions quantifying injury on the scale of whole lungs. Light microsof injurious stress. We compared the cell injury index of lungs copy, on the other hand, does not have sufficient spatial that were PI perfused during high-volume ventilation with resolution to define lesions in individual cells. Therefore, that of lungs that were PI perfused after high-volume ventilamuch VILI research has focused on the consequences of tion. The latter had consistently fewer PI-positive cells. This cellular injury such as edema, inflammation, and tissue refinding suggests that most wounded cells reseal their memmodeling rather than on the determinants of the cellular brane defect and that a relatively small fraction of wounded stress failure itself (6-8).
lung cells undergo necrosis. We introduce a new method for grading mechanical lung injury that rests on the assessment of cell membrane integrity and that involves confocal imaging of subpleural lung regions. METHODS The lung is perfused with the membrane impermeable label variables were displayed and recorded in digital form with an IBM-PC running in-house-developed, customized software (Labview for Windows; National Instruments Corp., Austin, TX). At the end of the experiment, the lungs and heart were excised en block, weighed, and then submerged in saline for immediate confocal microscopy.
Experimental Protocol
Twenty-five lungs were mechanically ventilated for 30 minutes at a rate of 40 per minute while being perfused with a solution containing 4 g/ml PI. The lungs were randomized to one of four ventilator management strategies: VT of 6 ml/kg at a positive end-expiratory pressure (PEEP) of 3 cm H 2 O (group I); VT of 30 ml/kg at a PEEP of 3 cm H 2 O (group II); VT of 40 ml/kg at a PEEP 3 cm H 2 O (group III); and VT of 40 ml/kg at a PEEP of 0 cm H 2 O (group IV). An additional 17 lungs were mechanically ventilated for 30 minutes at group IV settings. In seven instances, PI was added to the perfusate during the last 5 minutes of injurious mechanical ventilation. In 10 preparations, the label was added only after VT and PEEP settings had been adjusted to noninjurious settings.
Laser Confocal Microscopy-based Assessment of Cell Injury and Resealing in Intact Lungs
The subpleural lung tissue was imaged using an Olympus BH2 confocal microscope (Olympus, Melville, NY) at a depth of up to 50 m. The specimen was excited with blue laser light, and emission wavelengths were collected on two channels: autofluorescence ( Ͻ 570 nm) on channel 1 and PI ( Ͼ 590 nm) on channel 2. Images were digitized at an eight-bit resolution and were stored in arrays of 512 ϫ 512 pixels.
In Vitro Validation of a Method to Characterize Cell Injury and Resealing
A549 cells were grown to confluence in Lab-Tek II eight-chambered as assessed from 10 random subpleural fields. PEEP ϭ positive endincubator. O 2 and CO 2 tension were adjusted to 200 and 40 mm Hg, expiratory pressure; ZEEP ϭ zero end-expiratory pressure. respectively, and the monolayers scratched with a surgical blade (Becton Dickinson, Franklin Lakes, NJ). Two minutes later, the slides were washed with 4ЊC phosphate-buffered saline, were incubated for 2 minutes with PI containing media, and were washed again. Epifluorescence by paired comparisons of two blinded raters using Wilcoxon signedimages were obtained at emission peaks of 510 and 620 nm using an rank test. Analysis of variance and Kruskal-Wallis test were used to inverted microscope (Zeiss, Thornwood, NY). The number of FDxtest for differences between the groups, followed by Tukey-Kramer test Interobserver variability was evaluated in preliminary experiments group III, and 0.32 in group IV. difference in histologic injury score between groups III and IV
Cell Injury Index Correlated with Conventional
was not statistically significant. Epithelial necrosis and cell slough-
Injury Parameters
ing were observed in distal airways and alveolar ducts. In lungs The initial weight, pulmonary artery pressures, and airway preswith the most severe injury, epithelial lesions also involved larger sures were similar in the four groups (Table 1 ). In groups III airways. There was no difference in the distribution of injury and IV, peak airway pressure, pulmonary artery pressure, and between subpleural and central lung regions. measures of edema (fall in inflation compliance and weight gain)
The degree of cellular injury in subpleural alveoli, as reflected all increased over the course of the experiment (Table 1) .
in the number of wounded cells per alveolus, correlated with Two representative light microscopic images contrast the nortraditional injury markers across the four experimental groups mal architecture of a lung that was ventilated at group I settings (Table 1 and Figure 3 ). There was no correlation between cell with that of a lung from group IV (Figure 2, top) . Note the difinjury index and conventional injury parameters within groups, fuse alveolar damage, the widespread hyaline membrane formahowever. Furthermore, although the cell injury index of group IV tion, the perivascular hemorrhage, and the small airway epithewas significantly greater than that of group III, none of the conlial injury in the group IV lung. The mean histologic injury score ventional injury markers distinguished between these two was 0.5 Ϯ 0.5 in group II and increased to 7.0 Ϯ 2.2 and 8.5 Ϯ 0.6 in groups III and IV, respectively (Figure 2, bottom) . The groups; that is, they failed to reveal a PEEP effect (Figure 3) . as change in airway and vascular pressures, weight gain, fall in inflation compliance, and histologic injury score (Table 2) . To test whether the lower cell injury index of postinjury labeled lungs could be explained by a normalization of vascular leakiness and the consequent exclusion of PI from the alveolar spaces, we harvested edema fluid from post injury labeled lungs and applied it to wounded A549 cells. PI staining of cells at the wound edge could be consistently demonstrated (data not shown). Therefore, we interpret the decrease in the number of PI-positive cells after resumption of noninjurious ventilation as evidence of restored plasma membrane integrity (i.e., wound resealing). beled wounded cells in culture. In the left image (series 1), cells were wounded in the presence of FDx (green fluorescence). PI was added 1 minute later. Because resealing of the plasma membrane traps FDx inside the cytoplasm and prevents subse-
Most Injured Cells Reseal upon Removal of the Injurious Stress
quent PI entry, the two labels do not colocalize. If the cell fails Injured lungs that were PI labeled after resumption of a noninjuto reseal, FDx washes out, and PI gains entry and labels the rious ventilator setting had a significantly lower cell injury index nucleus. Based on the dual labeling method of series 1, we than lungs that were PI labeled during injurious mechanical estimate a resealing rate of 79 Ϯ 10% in this A549 cell-based ventilation (Figure 4) . Specifically, the cell injury index fell from wounding model. Estimates of resealing rates using the approach 0.25 Ϯ 0.09 to 0.08 Ϯ 0.08 after the injury stimulus had been taken in the whole lung experiment (series 2 and 3) yielded very removed (p Ͻ 0.01). In contrast, there was no significant effect of label application timing on conventional injury markers such similar results (87 Ϯ 20%, p ϭ 0.37). Definition of abbreviations: LIP ϭ pressure at the lower inflection point of the inspiratory pressureϪvolume curve; PAP ϭ mean pulmonary artery pressure; PAW ϭ peak airway pressure; %⌬ Cdyn ϭ percent change in dynamic compliance; ZEEP ϭ zero endexpiratory pressure. one can easily quantify injury of an entire lung. In contrast, the DISCUSSION PI labeling method gives information on a scale conducive to esWe have introduced a new method for quantifying cell wounding timating whole lung injury. However, the method does not distinin an ex vivo rat model of VILI. The method identifies cells with guish between epithelial, endothelial, and basement membrane either transient or permanent plasma membrane stress failure.
TABLE 2. CELL INJURY INDEX AND CONVENTIONAL INJURY MARKERS WITH THE LABEL (PROPIDIUM IODIDE) PERFUSED EITHER DURING OR AFTER EXPERIMENTAL VENTILATION
lesions, all of which are subject to ventilator-induced stress failWe have validated the method by demonstrating the expected ure. The relative determinants and susceptibilities of these strucdependence of cell injury on VT and by correlating our index tures to stress failure remain incompletely understood. There is of cell wounding with conventional lung injury parameters. We a complex interplay between capillary pressure and flow, surface have also shown that removal of injurious stress causes a detension, lung volume, and the rate of lung expansion on the crease in the number of labeled cells and have attributed the stress distribution along the blood-gas barrier. It is not known decrease in labeling to a restoration of plasma membrane integwhether these variables interact with sufficient degrees of freerity, that is, wound resealing. dom to produce distinct disease specific patterns of cellular inOur objective was to show that cells of ventilator-injured jury. Our light microscopic observations confirm earlier reports lungs undergo reversible plasma membrane stress failure; it was that VILI is associated with lesions in small airways and alveolar not to establish efficacy of a specific ventilation strategy in a ducts (26, (28) (29) (30) . Some of these structures may not be visible clinically relevant disease model. Therefore, we chose an experiwith single photon confocal microscopy because it is hard to mental approach that could be easily referenced and the results illuminate tissue more than 50 m below the pleural surface. compared with data in the published literature (26, 27) . Not Nevertheless, there was good agreement between the PI labelsurprisingly, the choice of VT was a major determinant of injury ing-based injury index and the histologic injury score. by any measure (Table 1 and Figures 1 and 2) .
Given our choice of ventilator settings, it should come as no That alveolar epithelial and endothelial cells are targets of surprise that lungs in groups III and IV revealed distinctly more mechanical injury has been appreciated for decades (1) (2) (3) (4) (5) .
injury than lungs in groups I and II. Because of this bifurcation Whereas cells themselves are probably not the principle stressin group responses, there was a good correlation between the bearing elements of the blood-gas barrier, they undoubtedly PI labeling-derived cell injury index and conventional measures sense and transduce deforming stress. We know from in vitro of lung injury. There is no single gold standard of injury. Edema, studies of epithelial monolayers that relatively large strains must hemorrhage, influx of inflammatory cells, cytokine levels, and be applied to the substratum before a significant amount of gene expression of proteins as well as the number of cells with wounding can be demonstrated (11, 14) . A loss of barrier funcultrastructural lesions reflect different dimensions of injury. They tion and a change in the distribution of surface forces undoubtought to be correlated, but there is no reason to believe that edly promote such conditions in the injured lung.
indices with different temporal expression profiles will be perBecause there is considerable topographical heterogeneity in fectly correlated at any one instant in time. Nevertheless, the staboth character and extent of mechanical ventilation associated lung lesions, electron microscopy is not a technique with which tistically significant differences in cell injury estimates between lungs of groups III and IV deserve closer scrutiny. It appears sought to remove label from the vascular space by perfusing the that the addition of a modest amount of PEEP (3 cm H 2 O to preparation for 5 minutes with label free Krebs solution. We group III) prevents cellular stress failure even though weight then cut the lung in 50-m thick coronal slices because we wanted gain, mechanical impedance, vascular resistance, and light microto analyze the distribution of PI-positive cells with respect to scopic injury scores were similar between the two groups. The small airways and alveolar ducts. These attempts invariably heterogeneous nature of the injury and spatial differences in failed because virtually every cell in the specimen appeared sampling (the conventional markers were measured in the whole labeled. We attributed this observation to our inability to remove lung while the PI uptake was restricted to subpleural alveoli) may label from alveolar edema fluid combined with the cell injury have contributed to the observed differences. Another possible caused by cutting the specimen. In additional experiments, we explanation for the discordance between the PI labeling-based removed edema fluid from lungs that had been label perfused cell injury estimates and conventional lung injury parameters is after injury. The edema fluid was then applied to a monolayer to consider the PEEP effect real and the conventional injury of A549 cells, the monolayer wounded with a scalpel and subseparameters too insensitive to reveal it. PEEP is thought to proquently imaged for PI fluorescence. Invariably, the cells near tect the lungs from mechanical injury by minimizing the shear the wound edge were PI positive. Therefore, we conclude that stress associated with the repeated opening and collapse of small even after removal of the injurious insult, sufficient amounts of airways and alveolar ducts (26, (31) (32) (33) . This is particularly rele-PI enter the alveolar spaces to label injured pneumocytes. vant in a preparation in which the transmural pressure is allowed Several lines of evidence suggest that removal of mechanical to fall to zero on every breath. Recently, this mechanism of stress causes a rapid restoration of endothelial structure and PEEP derived benefit has been challenged in favor of one that vascular barrier function. In a series of experiments on isolated views the displacement of edema from small airways and alveoli mesenteric frog vessels, Neal and Michel showed that increasto interstitial spaces as the key event (34). Nevertheless, the net ing perfusion pressure opens both intraendothelial and intereffect of either mechanism could be a reduced local wall stress endothelial gaps and that these gaps recover within minutes of resulting in fewer injured cells (35) . It must also be emphasized lowering pressure (38-40). The groups led by West and Mathieuthat inflation compliance and lung weight gain are not nearly as Costello and Dreyfuss and colleagues came to a similar conclusensitive parameters of vascular permeability as is the filtration sion after a detailed electron microscopic examination of ventilacoefficient, which we did not measure (36) . The latter might well tion and perfusion-injured lungs (1, 2, 41, 42). Neal and Michel have uncovered beneficial PEEP effects on edema formation in argued that gap formation was an adaptive cellular stress relungs ventilated with high tidal volumes. Finally, one should not sponse rather than the consequence of a basement membrane assume that cell injury and vascular leakiness are always neatly break (43). To our knowledge, we provide the first direct evicorrelated. A great deal of new information on the role of endodence that the VILI lesion is associated with transient loss of thelial cell mechanics and cytoskeletal remodeling in the regulaplasma membrane integrity. However, we do not know whether tion of vascular permeability has emerged in recent years (37) . reversible plasma membrane stress failure is a necessary stimulus Plasma membrane stress failure is but one of many stimuli that for strain-related remodeling of the blood-gas barrier. trigger cell remodeling and thereby mediate changes in fluid flux
In summary, we have demonstrated that ventilation-induced across the vascular wall (36) .
lung injury is associated with both reversible and irreversible We have attributed the difference in labeling between lungs forms of plasma membrane stress failure. The consequences of that were perfused with PI during injury and lungs that were these events on lung inflammation and repair are of obvious perfused with PI after injury to a wound healing response. Before clinical and biologic interest. Because the determinants of plasma discussing the biologic implications of this finding, we consider membrane stress failure may not be intimately linked to the alternative interpretations and potential technical limitations of molecular mechanisms that govern membrane repair, lipid trafour methods.
ficking and membrane resealing should also be considered tarFirst, we need to consider alternative mechanisms of PI upgets in the search for effective pharmacoprotection from VILI. take, such as fluid phase pinocytosis or simple diffusion. PI is a membrane impermeant nuclear label that is routinely used in cell cannot a priori assume that a sufficient amount of PI gains access 
